Fungal endophytes have great potential as biocontrol and biofertilisation agents for food crops, and it is important to understand and optimise the cultural conditions for endophyte emergence and growth. A range of commercial culture media were tested for their effect on endophyte recovery from the roots of their host (Hordeum murinum), and for their subsequent growth and sporulation. Furthermore, a medium composed of sterile or filtered whole plant extract (WPE) was tested at various dilutions both alone and in combination with one of the commercial media. It was found that there were significant differences between the media in endophyte recovery, endophyte mycelial growth and time to sporulation. A significantly greater number of different endophytes were recovered from roots on the malt extract plus WPE medium than any of the other media tested here. Sabouraud medium gave the greatest mean radial growth of endophyte fungal mycelia after 35 days. The cultures growing on the WPE media took over five times longer to sporulate than all other media. Results indicate that different media are suitable either for the initial recovery and isolation of fungal root endophytes or for increasing fungal biomass and inducing earlier sporulation. The experimental endophytes used here have previously been shown to have biocontrol and biofertilisation benefits for barley cultivars, so our findings have important implications for the development and commercialisation of endophyte inocula.
Introduction
Sustainable alternatives to large agrichemical inputs are needed, and endophytes may provide part of the solution. Endophytes are microorganisms (bacteria, fungi and unicellular eukaryotes) which can live at least part of their life cycle inter-or intracellularly inside of plants usually without inducing pathogenic symptoms. This can include competent, facultative, obligate and opportunistic endophytes. Endophytes can have several functions and these may change function during their lifecycle (Murphy, Doohan, & Hodkinson, 2014) . Fungal root endophytes (hereafter 'endophytes') isolated from both unrelated plants (Stein, Molitor, Kogel, & Waller, 2008; Waller et al., 2005; Achatz et al., 2010; Murphy, Doohan, & Hodkinson, 2014b) and congeneric species (Murphy, Doohan, & Hodkinson, 2014c; Murphy, Doohan, & Hodkinson, 2015) have been shown to have yield and biocontrol benefits for cultivated barley (Hordeum vulgare) and other crop species. In order to fully utilise these organisms it is important to be able to culture the endophytes in an economically effective way and in large enough quantities while maintaining endophyte competence. Many more beneficial endophytes are likely to be discovered in the future and efficient cultural methods are required for their study and will be a major determinant of the commercial potential of these bioproducts. The benefits derived from the use of endophytes are being increasingly investigated, and many are being developed as crop inoculants and for other biotechnological applications (Singh et al., 2003; Behie & Bidochka, 2013; Kusari et al., 2014) .
While the study of fungal growth characteristics on different media has focussed on medical microbiological applications (Meletiadis, Meis, Mouton, & Verweij, 2001) , the cultural preferences of endophytes has received less attention. Research into the optimal growth media and environments for endophyte isolation and culture could be an important contribution to realising their maximum growth and production potential.
The use of whole plant extract (WPE) as a culture medium for fungi has not been extensively studied, but at least one study has shown increased colony growth of rhizospheric micro-organisms for plant juice-based media over reference nutrient media (Nour et al., 2012) . Osman et al. (2013) also demonstrated that WPE from several plant species can act as growth promoters for some fungi. Other studies using WPE have focused on the anti-fungal activity of plant extracts rather than the assessment of effects on mycelial culture and growth (Mohana & Raveesha, 2007; Dellavalle et al., 2011; Minz, 2012; Yenn et al., 2012; El-Elimat et al., 2014) . Artificial growth media are normally used to culture fungal organisms, and different classes of organism grow optimally on different media and under different conditions (Meletiadis et al., 2001 ). However, the artificial growth media available commercially are nothing like the environment the endophyte would normally experience in the host (Kusari et al., 2014) , so by experimenting with available commercial media and plant extracts, we aimed here to discover an ideal medium for the isolation and culture of a particular group of endophytes.
It is important to determine which culture media will perform best for initial isolation and growth of endophytes. It is also essential to establish how existing isolates (maintained in vitro) will grow on differing media, including WPEs or dilutions of these. The in vitro environment is very different to the plant apoplastic environment, and adding WPE from the host species may go some way to optimising culture conditions because of the closer chemical similarity to the host environment. Results obtained using the media containing host plant extract may also indicate potential endophyte growth within barley root tissue, as these media would be closer to the normal endophyte environment. Some commercial production methods for endophyte-based products have used a liquid medium for culture growth, and this type of medium is well-studied (Kumar et al., 2011 , Knob et al., 2013 . Therefore, we focussed instead on semi-solid agar-based media and sought to determine which of the different media were best for endophyte emergence, growth, proliferation and sporulation.
Materials and Methods

Preparation of Culture Media
Five commercially available media were used for the isolation of endophytes: corn meal agar (Oxoid CM0103); Czapek Dox liquid agar medium modified (Oxoid CM0095), to which was added 16 g/L of Sigma Agar select A-5054 38954; malt extract agar modified, Vegitone (Fluka 38954); potato dextrose agar (Applichem A5838,0500) and Sabouraud maltose agar (Oxoid CM0541). These particular media were chosen as they represent a broad range of different combinations of chemical constituents -varying in nitrogen and carbon sources, pH, and other additives ( Table 1 ). All of these media were prepared at half-strength of the manufacturers' recommendations to prevent osmotic shock in emergent endophytes. Additionally, two media derived from whole plants of wall barley (Hordeum murinum subsp. murinum L.) were used. These media, based on WPE of wall barley (harvested at Zadoks growth stage 07 (Zadoks, Chang, & Konzak, 1974) ) were prepared following a modification to the protocol of Nour et al. (2012) . Briefly, whole wall barley seedlings were collected from the field in early summer before flowering shoot emergence and surface-sterilized by washing soil residues from the roots using ultra-pure water, soaking in 5% NaClO for 15 minutes, then rinsing three times in ultra-pure water. Seedlings were air dried in a laminar flow cabinet and 40g of the sterilised seedlings were blended in a kitchen blender for 5 min with 1:1 w/v ultra-pure water to prepare the base extract. Two dilutions of WPE were prepared in ultra-pure water (WPE 1:2 or WPE 1:30). These dilutions were chosen to test whether different concentrations of WPE produced different effects. Twelve grams of agarose gel powder were added to one litre of WPE dilutions, and the mixture was boiled and then sterilised by autoclaving. 
Isolation of Endophytes
For the first part of the experiment, the ability of the media to support the growth of ten pure cultures of endophytes was determined. The ten endophytes were derived from wild Irish populations of wall barley (Table 2) . These had been isolated in a previous experiment and cultured on the half-strength malt extract medium specified in Table 1 and shown to have biocontrol (Murphy et al., 2014c) and biofertilisation (Murphy et al., 2015) properties for a barley cultivar (Propino). Single spores (i.e. only one spore) were used to inoculate the media and cultures were incubated for 28 days. The inoculants were prepared by removing 40 mg of fungal material (conidia/spores and aerial mycelia) from the surface of each culture and then mixed (magnetically stirred) in 20 ml pure water for 3 min at 25 o C to ensure the inoculant was homogenised. For each medium, 250 µl of the solution was inoculated onto the centre of 15 × 900 mm culture dishes. All dishes were incubated in the dark at 25 o C for 35 days. Plate coverage was calculated by measuring the radial growth of the fungus, and the time taken for the cultures to sporulate was recorded.
The second experiment determined the ability of the media to support the growth of endophytes emerging from root tissue. Twenty five culture dishes were prepared for each of the 7 media (corn meal agar (C), Czapek Dox agar (Z), malt extract agar (M), potato dextrose agar (P), Sabouraud agar (S), WPE 1:2 and WPE 1:30). Root pieces of approximately 10 mm in length were removed from the middle sections of healthy roots of wild wall barley from a population that had never previously produced any emergent endophytes on a malt extract agar medium. This population was chosen as we wanted to see if other media formulations would be more successful for endophyte recovery. Roots were surface-sterilised by washing soil residues from the roots using ultra-pure water, soaking in 5% NaClO for 15 min, then rinsing three times in ultra-pure water. 25 root pieces were placed onto each medium. A further 25 root pieces were placed onto the two WPE media but then flooded with 1 mm depth of full strength Bayer Phostrogen® All-Purpose Plant Food. All dishes were incubated at 25 o C in the dark for 35 days. 99.4 *'Known properties' refers to whether the nearest named BLAST match has reported toxicity (T) for plants (P) and/or humans (H), biofertilisation (F) or biocontrol (C) properties.
Media Combinations
Finally, combinations of commercial media and WPEs were tested. Each of the commercial culture media was combined with either the sterilized WPE 1:2 or a WPE 1:2 extract that was not sterilized and just vacuum filtered through a 0.2 µm nylon mesh to exclude bacteria. The components were mixed with a medium:WPE ratio of 1 part medium to 30 parts WPE. As before, 25 root pieces were placed onto each mixture and the culture dishes incubated in the dark at 25 o C.
Identification of endophytes
Endophyte emergence was recorded over the next 35 days, and emergents were identified by morphological examination and by sequencing of the internal transcribed region (ITS) of nuclear ribosomal DNA (nrDNA). For the DNA analysis, 20 mg of fungal material was scraped from the agar surface and placed into shaker tubes. DNA www.ccsenet.org/ijb International Journal of Biology Vol. 7, No. 3; was extracted using a Qiagen DNeasy mini kit, following the Qiagen protocol, producing 200 µl of DNA extracts for each isolate. PCR was carried out on the DNA extracts using the primers ITS1 and ITS4 (White et al., 1990) . The thermal cycling parameters were programmed to optimise primer annealing, consisting of: 3 min at 95°C; 9 cycles of 1 min at 94°C, 1 min at 56°C, 2 min at 72°C; 20 cycles of 30 sec at 94°C, 1 min at 56°C, 3 min at 72°C, and a final extension for 7 min at 72°C. PCR products were cleaned up using Exonuclease (New England Biolabs) and Shrimp Alkaline Phosphatase (ExoSAP; Roche). Purified PCR products underwent cycle sequencing using the forward ITS1 primer (4 pmol) or reverse ITS4 primer (4 pmol) in separate reactions with the ABI BigDye 3.1 kit (Foster City, CA). The products were further purified using a BigDye XTerminator purification kit and protocol. DNA was sequenced using an Applied Biosystems 3130xL Genetic Analyzer. The isolate sequences were compared with GenBank accessions using the Basic Local Alignment Search Tool (BLAST).
Data analysis was carried out using ANOVA and Pearson's correlation statistical analyses supplied with the Data Analysis module within Microsoft Excel©.
Results
Endophyte Growth Tests
For the simple growth tests using inoculants of existing endophyte isolates on each medium, Sabouraud gave the greatest mean radial growth of endophyte fungal mycelia after 35 days (Table 3 ). The proportion of plate cover with Sabouraud (calculated from the radial growth measurements), averaged over all isolates, was significantly greater than corn meal (ANOVA, F 1,14 = 5.80, P < 0.05), Czapek Dox (ANOVA, F 1,14 = 5.90, P < 0.05) and WPE media (ANOVA, F 1,14 = 21.89, P < 0.01). The plate cover for the combined data for WPE media (WPE 1:2 plus WPE 1:30) was significantly less than all other media (P < 0.01). Compared to the other media both WPE 1:2 and WPE 1:30 produced only very slow endophyte growth and the mycelial structure was generally very open, with clear hyphal branching and with growth spread right throughout the medium rather than concentrated on the agar surface as with the other media. Combined results for the two WPE media showed that only six of the ten endophytes produced visible mycelial growth: 040207(3), 040605(2), 040901(3), 040906(4), 041004(5), and 041008(5). Though they were very slow to develop, the first of these six endophytes eventually started to sporulate at 66 days, and all had produced spores at 78 days. The two media which produced the greatest proportion of plate cover, malt extract and Sabouraud, were also the only two media with maltose as the carbon source. Statistical analysis indicated no significant relationship between medium pH (Table 1 ) and mean plate cover of the endophytes.
The cultures growing on the WPE media took over five times longer to sporulate than all other media (P < 0.001), and the Sabouraud medium induced significantly earlier sporulation than the corn meal medium (ANOVA, F 1,14 = 9.45, P < 0.01) ( Table 4) . 040207(3) 20% ± 2.8 5% ± 0.0 10% ± 0.0 10% ± 2.2 10% ± 0.0 5% ± 0.0 040406(3) 0.0% 0.0% 5% ± 0.0 0.0% 10% ± 2.0 0.0% 040605(2) 30% ± 3.9 20% ± 2.2 25% ± 2.4 20% ± 2.0 20% ± 2.2 5% ± 0.0 040901(3) 20% ± 2.0 0.0% 35% ± 4.3 10% ± 0.03 35% ± 6.1 10% ± 0.0 040902(5) 10% ± 0.05 30% ± 3.9 20% ± 2.8 20% ± 3.2 30% ± 6.3 0.0% 040906(4) 0.0% 10% ± 0.0 20% ± 2.2 15% ± 3.4 15% ± 3.9 5% ± 0.0 040909(5) 10% ± 0.0 25% ± 4.3 20% ± 2.2 20% ± 5.2 50% ± 4.0 0.0% 041004(5) 10% ± 2.0 10% ± 2.0 50% ± 6.1 30% ± 3.9 20% ± 0.0 10% ± 0.0 041008(5) 10% ± 0.05 10% ± 0.0 10% ± 0.5 10% ± 2.0 20% ± 2.4 10% ± 2.0 041010(3) 15% ± 2.9 10% ± 0.0 25% ± 4.2 20% ± 2.6 35% ± 4.0 0.0% 
Endophyte Recovery
The total number of emergent endophytes (morphotypes) from root pieces varied widely depending on the different media: corn meal and Sabouraud both supported a total of ten endophyte emergents, WPE 1:2 supported eight, potato dextrose supported five, Czapek Dox supported four and the remaining WPE media (WPE 1:30 and flooded WPE plates) and malt extract supported none (Table 5 ). The number of different endophyte emergents on each media was less varied: four of the media -corn meal, potato dextrose, Sabouraud and WPE 1:2 -supported three different endophytes, while Czapek Dox had two. The malt extract medium had no emergent endophytes, confirming previous results (see Materials and Methods). 
Media Combinations
When the standard commercial media were combined with WPE 1:2 in a medium: WPE ratio of 1:30, we found that there were also some significant differences in endophyte emergents between media (Table 6 ). Both the malt extract: WPE and potato dextrose:WPE mixtures had a significantly greater number of emergents (P < 0.01) than www.ccsenet.org/ijb
International Journal of Biology Vol. 7, No. 3; the other media mixtures, while the malt extract:WPE mixture also had a significantly greater number of different emergents (ANOVA series, P < 0.05) than all of the other mixtures. The mean proportion of culture plate covered by the fungi ranged from 10% for the Sabouraud:WPE mix to 100% for the Czapek Dox:WPE mix. The fully sterilized media:WPE mixtures had a significantly greater number of total endophyte emergents than the simply filtered mixtures (ANOVA, F 1,70 = 50.7, P < 0.01) but demonstrated no difference in mean proportion of plate cover.
Endophyte Identities
When the ITS sequences obtained from the emergent endophytes recovered from the root pieces were compared with GenBank accessions, it was found that the isolates were most closely matched in pairwise similarity to six different genera -Cladosporium, Exophiala, Fusarium, Metarhizium, Paecilomyces and Penicillium (Table 5) . These sequences were deposited in GenBank (accession numbers: KP309885, KP309892, KP309900, KP309918, KP309934, KP309936, KP309937, KP309941, KP309943, KP309944, KP309981, KP309985, KP309986). Means 7 / 2.6 2.4 / 1.4 64 / 49 56 *'Autoclv / Filtered' refers to whether medium mix has been either unfiltered and autoclaved or just filtered through a 0.2 µm mesh. Fungal genera identified for the emergents: Cladosporium, Exophiala, Fusarium, Paecilomyces and Penicillium.
Discussion
We have found that the use of different agar-based cultural media results in significantly varied responses in a set of ten culturable fungal root endophytes isolated from populations of wall barley (Hordeum murinum ssp. murinum L). Perhaps the most surprising result was the poor initial performance of the medium based solely on various concentrations of whole plant extract (WPE), which gave significantly less radial extension, and slower growth and sporulation. However, over the long term the endophyte cultures in the WPE media had a much more well defined mycelial growth character than that observed for the other media, with an almost fractal pattern. While our results may indicate that WPE can inhibit the growth and development of these particular endophytes, previous studies have shown contradictory effects. Most of these studies support our finding that WPE has significant anti-fungal activity in vitro (Mohana & Raveesha, 2007; Suleiman & Ogduna, 2010; Dellavalle et al., 2011; Minz, 2012; Yenn et al., 2012) . This is in contrast to other studies which have reported that WPE acted as growth promoters for endophytic fungi and bacteria (Nour et al., 2012; Osman et al., 2013) .
A WPE plus malt extract or potato dextrose medium gave the greatest number of total endophyte emergents, while only the plant juice plus malt extract mixture had a significantly greater number of different endophyte emergents. As both the malt extract medium and the pure WPE media had no emergents when used alone, it seems that it is the particular combination of medium components that is important for the initial isolation of fungal root endophytes. These results, combined with the fact that the Phostrogen flooded plant juice media produced no endophyte emergents, suggest that a greater range of fungal root endophytes emerge preferentially onto a semi-solid nutrient-enriched substrate containing plant extract.
The reasons why the autoclaved plant juice based media had significantly more endophyte emergents than the simply filtered plant juice based media are not entirely clear -in fact they are probably counterintuitive. While the mesh filter excluded all bacteria, the resultant filtrate would contain most of the small plant-derived molecules. www.ccsenet.org/ijb International Journal of Biology Vol. 7, No. 3; Though these molecules may contribute to producing a medium that would be more similar to the plant apoplastic environment than the autoclaved media, they may not necessarily encourage more endophyte emergence, due to the inhibitory effects of WPE on some fungi (as discussed earlier). Viruses would be small enough to pass through the filter (Sanual & Van Regenmortel, 1995) , and endophytes which would emerge from plant roots onto the culture medium as filamentous fungi are known to host many mycoviruses (Pearson, Beever, Boine, & Arthur, 2009) , which can have various effects on the fungus. Some types of mycovirus have been shown to be detrimental to the host and reduce fungal growth (Van Diepeningen et al., 2006) . Autoclaving the media would destroy any mycoviruses but they would still be present in the simply filtered medium, and their presence may have reduced endophyte emergence (Herrero Asensio et al., 2013) .
The growth of individual isolates (as measured by proportion of culture plate cover) varied significantly between media. The two media which produced the greatest radial growth, malt extract and Sabouraud, were also the only two media with maltose as the carbon source. Maltose is derived from barley so may have been a more accessible and useable carbon source for these endophytes from a wild barley relative. However the radial growth and proportion of plate cover between isolates, ranging from 10% to 100%, is not a reliable indicator of the rate of fungal growth but is a function of endophyte identity.
Sporulation timing and quantity is also a function of endophyte identity, so comparisons between isolates would be meaningless; but we did find that each of the endophyte isolates on the pure WPE media took significantly longer to sporulate than on all the other media. This would seem to indicate that the endophytes require higher nutrient availability than exists in plant tissue, as well as other environmental cues, to sporulate early. Most fungal endophytes do not sporulate within plant tissue, and the presence of WPE in the media may have had an inhibitory effect on sporulation.
The statistical analyses indicated no significant relationship between medium pH and proportion of plate covered by the fungi, so these particular endophytes which were recovered from a site with neutral soil pH (7.2) may have no particular preference for this soil character. The roots were intentionally sampled from wall barley plants in the same population, so that results for every cultural treatment would be comparable, without the confounding environmental factors resulting from multiple sampling sites.
The results may also indicate which endophyte is more active inside barley tissue, as a WPE medium based on host extract is the closest medium to the normal endophyte environment. However, this possibility is yet to be rigorously tested by methods such as quantitative PCR. The isolates which had the greatest radial growth in our study have also been shown to be effective suppressants of seed-borne fungal infections of barley (Murphy et al., 2014c) as well as inducing yield and biomass increases (Murphy et al., 2015) .
Overall, our results indicate that different media or medium combinations may be suitable for different purposes when culturing the fungal root endophytes we have isolated from wall barley. A medium that produces optimal fungal growth or early sporulation may not be the most suitable for initial recovery of endophytes from roots. If retarding endophyte growth and sporulation is the purpose then a WPE based medium may be more suitable than media richer in nutrients. An extra benefit associated with the use of a WPE based medium is the slow but fine structure of mycelial growth, increasing the visual clarity of fungal components.
These results may have relevance for the mass production of beneficial endophytes for agricultural use, as the correct balance of medium components is crucial in developing economically viable biotechnological products based on endophytes. By optimising the cultural conditions to suit endophyte emergence, there is potential for extracting a greater range of endophytes from plant tissue, perhaps even previously unculturable endophytes. Finally, tailoring the culture medium by incorporating WPE may remove the need for continuously 'refreshing' the endophytes in planta in order to retain efficacy, thus removing one of the major hurdles to maintaining competent strains over the long-term.
